Einstein’s hidden worlds
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- pllotti.r'ig .'rQVOIutionS

- which revolution was bigger?




.t'h'e impo-rta_hce_' of _myste'r_-y

| one cavwwt help bu.t be in awe
when he contemplates the mysteries of etermtg
- of LLfe of the ma r\/e_Lous structure of vea LL’CH
It Ls enough if one tries wmerely to comprehend
" a Little of this mystery every day..

- A. Einstein




'science reveals

sciencé Is the o_IiScip_Iined application of
- our-curiosity towards understanding:
“the marvelous structure of.reality”

‘the 'history of science is a history 'of'p.'eo'ple |
driven by mysteries to reveal hidden Iayers-
| and hldden Connectlons




the hidden world of the atom

e in 1905, many skép'tiéal physicist's (e. 9.
‘Ernst Mach) still did not belleve In the
| reallty of atoms -

-

o after all, they '\(vere'in\'/isib_le!

¢ then Einstein wrote a short paper
(his 3rd of that year) entitled
“Uber die von der molekularkinetischen Wt
- Theorie der Warme geforderte Bewegung -
~von-in ruhenden Flussigkeiten
susspedierten Teilchen”




the hldden world of the atom

Xy Emstem explalned a mystery
'seen by botanist Robert
- Brown
tiny grains-of pollen in water, |
'seen under a microscope,
appeared to dance around as
~if they were “alive” s

Einstein showed that this -

motion was caused by .
- collisions with even tinier . _
_invisible molecules of water =~ atoms are




‘basic science

° Einstein was a theoretlcal physicist workmg on -
the frontlers of -basic sc:|ence -

- @ .new concepts like atoms are real” or E = mc

end up havmg big impacts on our everyday I|ves

2

‘o but basic science is really about ideas, ideas that
resolve mysteries and give us a better intuitive
understanding of the world around us




ideas and te-_chnollog'y"

e of course, intuitive understanding is often a
blg short cut to getting the technology as weII
e €e.0. _onoe-you reallze that
- lightening is electricity, its
obvious that you should be
able to scale up your Leyden Jar
' j@ into somethmg more useful: '




connections have consequences

. When Einstein wrote his E = mc? paper.in 1907, he
- knew immediately the potentially ominous implications
‘of this seemingly abstruse.connection -

_“if every gram of material contains this tremendous
'cn}'\,er_gg, why diok it go so lLong unnoticed?”




‘codes of
- structure and
- order

~_en the' 17th century, Rene Descartes tried to explain the
mechanlsm that made the moon go around the earth in
= terms of |nV|S|bIe vortlces -

o Newton said: forget about the mechanism for now, and JUSt
try to figure out what are the mathematical equations and
rules for gravity resultlng from of the unknown mechanlsm




Newton’s strategy was trying to decipher the
- mathematical codes of the hidden phenomena
‘that shape the universe |

-thIS strategy was W|Idly successful and has
dominated phy5|cs ever smce |

ﬁgunng out the hidden phenomena themselves
s much more dlfﬁcult |

for gravity, it was 25.0'years before Einstein
explained it as the warping of space




the hidden world ofthe quantum

e Einstein’s first 1905 paper was ost_enSiny'about the
photoelectric effe'ct, which' powers solar cells

X} actuaIIy what Elnsteln really d|d (|n 17 pages) was
invent and prove the iIdea of a hldden quantum World




e Max Planck had already talked about the quantum nature -
~ of matter, but this didn’t seem revolutionary since
matter was aIready supposed to be made out of discrete
atoms -
‘e Einstein said that light, despite its obvious wavelike
‘nature, was also made out of discrete quantum blts
later named ‘Photons™

but Elnsteln was never happy about the quantum
-revqutlon '




mathematics-versus understanding

as a mathematical description"of the mit:r_oscopic world,
'.we know that quan‘tum mechanics is correct

we have: verlﬁed it at Fermllab in m|II|ons of deta|led
_measurements - |

you.verify it every time you turn on your Motorola Razr




mathematics-versus understanding

f’except.{b-f-’éhe md_th LV\,\/D.L\_/BDI,
all ph Msi_cat theortes should be
- stimple enough for a child to grasp”

o but.we don’t understand what the quantum world really is

e anybody who tells ydu they understand quantum meéhanics__- |
- intuitively is either lying or bluffing - '




one of these days somebody will do for for the quantum
world w.hat Einstein did for gravity: explain it! |

' thls could come from physicists studylng dark energy or
the Higgs particle, objects that don t seem to obey
ordinary quantum rules -

it could come from physicists studylng the quantum nature
- of gravity, or black holes - |

it could come from phy_sicists stu'd'ying_ weird quantum
effects, like quantum teleportation




~ the hidden _\)vorlds"of spa'c__etim_ﬁe'




- what is a dimension?

y4

Rene Descartes - /- . points in 3-dimensional space
= * represented mathematically by
-their Cartesian coordinates Xx,y,z




: t_h_é power df'_a'n_'al'yt-ic gedmétry

equations replace pictures:

x*+y?=1 | ' circle

x2 4 y? +z2=1 ‘ sphere :

_ X2 5N yz 4 Z'2: 1 W2 Ly 1' Hypersphel’e -




extra dimensions make sense in mathematics =~

do they also make'sense in physies?

| could there be more physmal dlmen3|ons than
| the three that we see?

if so’, why are the extra dimensions h'id'den?_ -

~and what are they good fer?. |




~ the fathers of .'_eXt-ka _-diménSions




t|me |s the fourth dlmen3|on
| A. Elnsteln 1905

e four dimensional space-time: x,y,z, and t

. there is a unlversal constant called “c”. , which
converts measurements of t|me into measurements-—
ofspace |

=_299,792 kil_orneter_s per second -




space has a shape
A Elnsteln 1911

the curvature of space IS
revealed by-measuring the total
angle inside a triangle

the shape .of-space_-'is determined
by matter and energy RN

gravity is nothing m_cre than
curvature of space




the fifth dimension

in 1914, Finnish physicist Gunnar Nordstrom

showed that gravity and electromagnetism

could be unified as a single force, in-a theory
- W|th an extra spatial dlmen5|on

Einstein ignored Nordstrom’s idea, -
probably because it used Nordstrom’s
~own theory of gravity, which.was then
in competition with Einstein’s |




the fifth dimension

in 1919, Polish mathematician Theodor Kaluza
again introduced the idea of a fifth dimension,
but this time using Einstein’s theory of grawty
- thIS made aII the dlfference

“The idea. of achieving [a unified theory]

by means of a five-dimensional cylinder
~world never dawned on me... At first -

glance | like your idea enormously”




the ﬁ_'fth_-dim'e_nsi'on:_ is a circle

| Nordst.r_drﬁ, Kaluza, and Einstein all assumed
that the fifth dimension wasn’t real, since
otherwise why don’t we see it?.

in 1926, Swedish physicist Oskar Klein
_proposed that the fifth dlmen3|on was real
but too tiny to see - -

“Kleln S paper is
beautn‘ul and |mpre55|ve




A simple example:

the fightrope walker sees
the tightrope as having only
oné spatial dimension

the ti'ghtrope_:w_élker' can
‘only move-in one direction,
- (back and forth)

the extra dimension is a circle?




but an ant on a tightrope
can move both back and forth
AND around a circle

N
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the ant sees an extra dimension
= an extra tiny circle at every point
along the tightrope




the fifth dimension is a circle
Klein coﬁﬁpﬁted how small the circle of the =

5th dimension should be, in order to give a
unified theory of gravity and electromagnetism

- the answer is:

- .OOOOO_O'O0.0000000000000000000001 Cénfcimeters




_n'ob'od_y thought about
u;extra dlmen5|ons for 50 years




strmg theory

in the 1970s some
visionary physicists began -
to construct a
radical new theory

John.Schwarz :
| Pierre. Ramaond

in this theory all of the
elementary particles are
~ just different vibrations of
" microscopic strings

Gabriele Veneziano




in string theory

electrons, quarks, phbt‘o'hs grévitons neutrinos, etc are
~ all different vibrations of one kind of mlcroscoplc string:
. the superstring




qué-htum Strings: |

. superstrlngs stretch themselves o) W|ggl|ng .
quantum mechanics says that a microscopic strlng
. will always be wiggling, at least a little bit




particles from stkinQS'

e to us, a'micros'copic wigglihg string looks like a -
particle, because the string is too small for us to
notice either its size or its wiggles .

e the momehtUm of the string vibrations, and the-
. energy of the string stretching, will Iook to us I|ke
the mass of the partlcle

- e this mass can be computed from Elnsteln S
famous formula:




actually we need the more complete
ver5|on of this formula:

this formula tells us the mass of a

“particle™ in terms of the energy and
‘momentum of the vibrating superstrmg




John.Schwarz

2

— '(.]px_c)-2

oné small problem:

some elementary partlcles (the photon Fo,

the grawton) are massless

for super_strlngs,_ this requires a‘delicate

- cancellation between the energy and
- momentum of stretching and vibration -

|n the original version of strlng theory,
the cancellat|on dldn t-work!

(50— (pu0? £ 02




& only two ways to modlfy the quantum |

vibrations of a strmg

e invoke sup'ersymmetry,_ which
reduces the quantum wiggles

e increase the number of épatial'
dimensions that the strlngs can

John.Schwarz nggle m

only with 9 spatial diménsions can
~superstrings produce the particles that we see!




superstrmgs
"7! a great idea?
" -

- John.Schwarz
| Plerre Ramand

" denied ténﬁre. at Caltech R iy, ﬁred from Fermilab -

after 10 years of neglect,
string theory finally
became a hot idea in 1984




o strlng theory is very |
elegant mathematlcally

but if we take string
theory seriously, it |
 makes a firm prediction
that there are (many) .ﬂ_ﬁ :
~ eXxtra dimensions of
fogpaces e It i

e is this reasonable?




too many part|cles

e so far, particle physmsts |
have discovered 57
dlfferent elementary
particles

and these 57 particles are
related to each other in
complicated ways
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Three Generations of Matter

something is wrong or. l
missing in this picture...




the shape of extra dimensions
- may explain the complexities
of particle physics - |

- slice of a .
6 dimensional Calabi-Yau
* manifold




how do you dete(_::t"
an extra dimension?

e even if extra dimensions make sense. in theory, it
still- isn’t phy3|cs until you find a way to detect
them in experlments |

e ‘for particle physicists, this means figuring out how
to detect particles that move around in the extra
dlmen3|ons




.Cockroft -
Walton

 LINAC







one small problem:

we don’ t know which elementary partlcles can
move Iin the extra dlmen5|ons | /

| string'theory suggests that perhaps none of the .
_partlcles of ordinary matter.can move in extra
'dlmen3|ons' |




the bré—rjewb?rld

ordinary matter is trapped on‘a brane.
and can’t move in the'extra dimensions

-only gravitons see the full extra dimensional universe




o if the braneworld |dea is correct, the extra dlmen5|ons
: may be. Iarge' |

e then only experlments with graVIty or grawtons W|II
| detect the presence of extra dlmensmns

Nima
Arkani-Hamed

" Gja Dvali T L I S ‘Raman Sundrum-




-

_.tes'i’__ci'hg _g_r_a-vity Y

o telescopes I'(')ok'fo'_r gravity’s effects on the cosmos

_J gravity wave detectors may see ripplés_ in space
caused by black hole collisions ' -

-




- extra dimensions at Fermilab

e particle accelerators are our most powerful tools
for exploring extra-dimensions_ |

o if Klein’s idéé of tiny' extra dimensions IS.correct,
~we can detect them as long as their size isno
smaller than OOOOOOOOOOOOOOOO1 centlmeters'

o |f the braneworld is correct, we can produCe
gravitons at particle colliders like the Tevatron




one small problem:

e in the braneworld scenario, the gravitons that we
produce will disappear into the extra dimensions:

-




“shoes in extra dimensions - -




“shoes in extra dimensions - -




- an experimental challenge

Maria Spiropulu ' @ ek By e Greg Landsberg




through trillions
of “events”
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events that have
new particles or
. new physics

to find the rare -




- what does the Tevatron
data show so far?




. LHC collider at CERN turns b_n in
-2007 with 7 times the energy
of the Tevatron




| dthe universe: traditional view
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